Monocytes are key players in the immune system. Crossing the blood barrier, they infiltrate tissues and differentiate into (i) macrophages that fight off pathogens and (ii) dendritic cells (DCs) that activate the immune response. A hallmark of monocyte/macrophage activation is the generation of reactive oxygen species (ROS) as a defense against invading microorganisms. How monocytes, macrophages, and DCs in particular respond to ROS is largely unknown. Here we studied the sensitivity of primary human monocytes isolated from peripheral blood and compared them with macrophages and DCs derived from them by cytokine maturation following DNA damage induced by ROS. We show that monocytes are hypersensitive to ROS, undergoing excessive apoptosis. These cells exhibited a high yield of ROS-induced DNA single-and double-strand breaks and activation of the ATR-Chk1-ATM-Chk2-p53 pathway that led to Fas and caspase-8, -3, and -7 activation, whereas macrophages and DCs derived from them were protected. Monocytes are also hypersensitive to ionizing radiation and oxidized low-density lipoprotein. The remarkable sensitivity of monocytes to oxidative stress is caused by a lack of expression of the DNA repair proteins XRCC1, ligase IIIα, poly (ADP-ribose) polymerase-1, and catalytic subunit of DNA-dependent protein kinase (DNA-PK cs ), causing a severe DNA repair defect that impacts base excision repair and double-strand break repair by nonhomologous end-joining. During maturation of monocytes into macrophages and DCs triggered by the cytokines GM-CSF and IL-4, these proteins become up-regulated, making macrophages and DCs repair-competent and ROS-resistant. We propose that impaired DNA repair in monocytes plays a role in the regulation of the monocyte/macrophage/DC system following ROS exposure.
M
onocytes are key players in the immune system. They originate from bone marrow precursor cells and are released, upon maturation, into the bloodstream. Crossing the blood barrier, they enter the tissue and differentiate into macrophages and myeloid dendritic cells (DCs) (1) . DCs activate the immune response by presenting antigenic peptides on their surface that stimulate the differentiation and expansion of T cells (2) . They may also activate, via T cells, macrophages (3) . A hallmark of macrophages is their ability to phagocytose invading microorganisms and to generate a burst of reactive oxygen species (ROS), which is part of the organism's defense against infections (4) .
The monocyte/macrophage system also plays a central role in the pathogenesis of chronic inflammatory diseases, whereby neutrophils become permanently activated, leading to long-term generation of ROS (5) . As ROS easily penetrate surrounding cells and damage DNA and other cellular components, a sustained high ROS level together with cytokines and chemokines produced by excessive and chronic monocyte activation may cause severe damage of the normal tissue, leading to tissue degeneration and severe disorders such as rheumatoid arthritis, psoriasis, inflammatory bowel disease, neurodegenerative disorders, and atherosclerosis (6) . Some of the DNA lesions induced by ROS, such as 8-oxo-guanine (8oxoG) and thymine glycol, have mispairing and noninstructive properties, respectively, giving rise to genomic instability, mutations, and finally cancer (7) . Therefore, the activation of the ROS-and cytokineproducing monocyte/macrophage/DC system following infection and inflammation must be subject to fine-tuned regulation to avoid an excessive and adverse immune response and ROS production that may damage the normal tissue. How this regulation occurs is largely unknown.
Here, we investigated how human monocytes obtained from healthy volunteers, and DCs and macrophages derived from them, respond to genotoxic stress that generates oxidative DNA damage. We demonstrate that human macrophages and DCs are protected against ROS-inducing exposures including chemical agents, ionizing radiation (IR), and oxidized low density lipoprotein (oxLDL), displaying a high level of resistance to DNA breakage, DNA damage response (DDR), and apoptosis induction. In contrast, their precursor cells, the monocytes, display a high sensitivity to the genotoxic and killing effects of all these ROS-producing treatments. This is a result of a multiple DNA repair defect caused by the lack of expression of four DNA repair proteins that play a key role in base excision repair (BER) and DNA double-strand break (DSB) repair via nonhomologous end joining (NHEJ). The severe DNA repair defect gives rise to a high level of DSBs in human monocytes and activation of DDR and apoptosis pathways following ROS-producing chemical agents, IR, and endogenous ROS triggered by the uptake of oxLDL. We propose the hypothesis that the DNA repair defect that causes preferential killing of monocytes following ROS-induced DNA damage represents a homeostatic self-regulatory mechanism in the monocyte/macrophage/DC system. It attenuates the immune response and ROS production by depleting the precursor of macrophages and myeloid DCs, thus maintaining an optimal level of ROS and cytokine-producing immunocompetent cells.
Results

Monocytes, but Not DCs and Macrophages Derived from Them, Are
Hypersensitive to Oxidative Agents. Human monocytes were obtained from peripheral blood of healthy donors as previously described (8) and differentiated into DCs and macrophages by treatment with the cytokines GM-CSF and IL-4 (Fig. 1A) . A check for surface markers confirmed the maturation process in each experiment (Fig. S1A) . Neither the isolated monocytes nor DCs and macrophages derived from them proliferate during the maturation process. To compare the sensitivity of monocytes with DCs and macrophages to oxidative stress, we determined the apoptotic response of the three cell populations upon treatment with tert-butyl hydroperoxide (BOOH), which is a potent oxidative To whom correspondence should be addressed. E-mail: kaina@uni-mainz.de.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1111919109/-/DCSupplemental. agent (9) . By using two different methods for quantifying apoptosis, we observed that monocytes are highly sensitive to BOOH whereas DCs and macrophages did not show significant toxicity (Fig. 1B for dose dependence and Fig. 1C for time dependence of sub-G1 fraction). Flow cytometry of annexin V/ propidium iodide (PI) double-stained cells revealed that most of the cytotoxicity in monocytes is a result of apoptosis whereas necrosis amounts for only approximately 20% of the total cell kill fraction (Fig. 1D shows quantification and Fig. S1B shows a representative plot). Similar data were obtained with H 2 O 2 ( Fig. S2 A and B) .
Hypersensitivity of monocytes to oxidative agents could theoretically be caused by a lack in radical scavenging. Therefore, we determined the ROS level in the cells upon treatment with BOOH. The ROS level increased significantly with treatment time (Fig. S3A) , and monocytes did not display a higher ROS level than DCs and macrophages (Fig. S3B) . Therefore, impaired radical scavenging cannot explain the hypersensitivity of monocytes to ROS-producing agents. This was confirmed by the cellular level of 8oxoG, the principal mutagenic oxidative DNA lesion, which was similar in monocytes, DCs, and macrophages (Fig. S3C ).
Monocytes Display a High DNA Strand Break Level Following ROS Treatment. ROS react with DNA, producing strand breaks and DNA base modifications that have the capacity to trigger cell death (10) . Therefore, we assessed the possibility that ROS-induced DNA damage is not properly repaired in monocytes. To this end, we determined the ability of the cells to repair oxidative DNA damage by using alkaline single-cell gel electrophoresis (ie, comet assay). As shown in Fig. 2A , DNA single-strand breaks (SSBs) are formed at a high level already 10 min after the onset of treatment, and continue to accumulate over time. The level of SSBs was, however, lower in DCs and macrophages than in monocytes. After an exposure time of 240 min, the level of SSBs clearly declined in DCs and macrophages, whereas no significant decrease was observed in monocytes ( Fig. 2A) . Oxidative DNA damage is mainly repaired by BER, and SSBs are generated as intermediates of this repair process as a result of base removal and cleavage of apurinic/apyrimidinic (AP) sites by 8oxoG-DNA glycosylase (OGG1) and AP endonuclease (APE) (11) . Therefore, the data suggests that SSBs produced during BER of oxidative DNA lesions cannot be sealed in monocytes, whereas they are sealed in DCs and macrophages, leading to a lower overall level of SSBs and a more rapid decrease with time.
Monocytes Display a High Level of DSB Following ROS Treatment.
The most critical lesions induced by genotoxins are DSBs, which are formed for most chemical agents in a DNA replication-dependent manner (10) . Monocytes, DCs, and macrophages are, however, nonreplicating cells. Therefore, we wondered whether DSBs are formed upon BOOH treatment in these blood cell populations. By using the neutral comet assay, which is a reliable method for detecting DSB, we observed a higher DSB level in monocytes than in DCs and macrophages (Fig. 2B ). Even after a recovery time of 4 h, the level remained high in monocytes, indicating impaired repair of DSBs upon oxidative stress. Furthermore, we determined the level of γH2AX foci formation as a biomarker for the presence of DSBs (12) upon BOOH treatment. In monocytes, γH2AX foci were induced at high level 20 min after treatment (Fig. S4) and were still present following 60 min of incubation. In contrast, only a low amount of γH2AX foci formation was observed in DCs and macrophages ( Fig. 2C and Fig.  S4 ), supporting the notion that monocytes are impaired in DSB repair.
DDR and Cell Death Pathways Are Strongly Activated in Monocytes.
DSBs induce the DDR pathway, which is driven by ATM, ATR, Chk1, Chk2, and p53 (13) . These key players of DDR were assayed for in monocytes, DCs, and macrophages. Both ATR and ATM became activated in monocytes following BOOH treatment, which was accompanied by Chk1 and Chk2 activation and p53 stabilization (Fig. 2D) . In DCs and macrophages treated with BOOH, the activation of the DDR pathway was very weak compared with monocytes (Fig. S5) . We should note that both ATM and ATR already became activated 1 h after treatment (Fig. 2D) , which is in line with the finding that SSBs and DSBs are produced at high levels in monocytes immediately after treatment.
Cell death induced in monocytes by oxidative stress is executed mainly by apoptosis (Fig. 1D) . To determine which apoptosis pathway is activated in monocytes in response to oxidative DNA damage, we determined the level of expression of proteins involved. As shown in Fig. 2E , caspase-8, caspase-3, and caspase-7 already became activated 3 h after BOOH treatment. We also observed up-regulation of the Fas receptor (Fig. 2F) . Inhibition of the Fas receptor by a neutralizing Fas antibody significantly attenuated BOOH-induced apoptosis, similar to a caspase inhibitor (Fig. S6) , indicating that the death receptor pathway triggers the genotoxic killing response in monocytes. In this process, p53 that precedes fas up-regulation (Fig. 2D shows p53 expression and Fig.  2F shows fasR expression) and regulates its transcription (14) is involved, as inhibition of the transactivating function of p53 by pifithrin-α reduced the level of apoptosis (Fig. S6 ).
Monocytes Are Impaired in BER. The finding of a high SSB level in monocytes following oxidative stress ( Fig. 2A) prompted us to investigate the BER capacity of the cells. We used an in vitro assay (15) , which is based on cleavage of a double-stranded oligonucleotide containing a single AP site and subsequent religation of the resulting SSB catalyzed by DNA polymerase β (Pol β), XRCC1, and ligase (Lig) IIIα (Fig. 3A) . This experiment (a representative example is shown in Fig. S7A ) revealed that extracts of all cell types, i.e., monocytes, DCs, and macrophages, are able to cleave the oligonucleotide, but restitution to the fulllength fragment did not occur in monocytes (Fig. 3B) . We also applied a ligation assay by using a 32 P-labeled oligonucleotide (a representative blot is shown in Fig. S7B ), which shows that ligation is indeed hampered when extracts of monocytes were used, compared with DCs and macrophages (Fig. 3C) . The data support the notion that monocytes are defective in BER. Monocytes Lack the Expression of XRCC1, Lig IIIα, and Poly(ADP Ribose) Polymerase 1. To determine the factor(s) of BER for which monocytes are defective, we studied the expression of BER proteins in monocytes, DCs, and macrophages from the same donor. As shown in Fig. 3D , the three cell populations expressed similar levels of APE, N-methylpurine-DNA glycosylase (MPG), OGG1, Pol β, Fen-1, and proliferating cell nuclear antigen. However, monocytes did not express poly(ADP-ribose) polymerase-1 (PARP-1), XRCC1, and Lig IIIα at a detectable level; all of them were clearly expressed in DCs and macrophages. Lig I was also not expressed in monocytes and expressed, albeit at very low level, in DCs and macrophages following maturation (Fig. 3D ). XRCC1 and PARP-1 were also hardly detectable in monocytes on RNA level; its amount, however, clearly increased following their maturation in DCs and macrophages, whereas Lig IIIα mRNA was not enhanced during DC and macrophage maturation (Fig. 3E shows a representative blot and Fig. 3F shows quantitative RT-PCR). The data indicate that the low XRCC1 and PARP-1 protein levels are a result of transcriptional down-regulation. As Lig IIIα protein is stabilized by XRCC1 (16), its lack in monocytes is likely a secondary effect of XRCC1 down-regulation. The expression of XRCC1, Lig IIIα, and PARP-1 protein was also determined in several other blood cell populations, such as CD34 + hematopoietic progenitor cells (Fig. 3G) , peripheral blood lymphocytes (PBLCs), T cells, B cells, and regulatory T cells (Fig. 3H) , and found to be present in all these cell populations. It thus appears that monocytes represent a peculiar cell type that is characterized by simultaneous down-regulation of several DNA repair proteins that occupy key positions in the BER pathway of oxidative DNA adducts.
Monocytes Are Radiation-Hypersensitive and Impaired in DSB Repair.
XRCC1, Lig IIIα, and PARP-1 are not only indispensable for BER (17) , but also required for a subpathway of DSB repair, the backup pathway of NHEJ (18) . Therefore, we posited that the BER defect leads to the formation of DSBs in overlapping BER repair patches that are not repaired in monocytes. We should note that, in monocytes, DCs, and macrophages, DSB repair cannot be executed by homologous recombination, which occurs in S and G2 phase (19) , as the cells do not proliferate. Therefore, NHEJ is likely the main route of DSB repair in these cells. To substantiate this, we determined the sensitivity and capacity of the cells for repairing DSBs following exposure to IR. Although DCs and macrophages showed only very weak apoptosis at low dose IR (0.5 and 1 Gy), apoptosis was induced at a high level in monocytes in this therapy-relevant dose range (Fig. 4A shows dose response and Fig. 4B shows time response) . The hypersensitivity of monocytes to IR was accompanied by attenuated DSB repair, which was slower than in DCs and macrophages, as shown in the neutral comet assay (Fig. 4C ) and by γH2AX immunocytochemistry (Fig. S8) . The data confirm that monocytes are impaired not only in BER, but also in DSB repair. The data also demonstrate that the capacity of DSB repair is elevated when monocytes differentiate into DCs and macrophages.
Monocytes Lack Catalytic Subunit of DNA-Dependent Protein Kinase.
The main pathway of DSB repair in nonproliferating cells is NHEJ, in which the key player is DNA-dependent protein kinase (PK) composed of Ku70, Ku80, and the catalytic subunit of DNA-PK (DNA-PKcs). Further, XRCC4 and Lig IV are involved. We determined the expression level of these NHEJ proteins and observed that all of them are expressed in monocytes and did not change in the level during DC and macrophage maturation, with the exception of DNA-PKcs, which was surprisingly not detectable in monocytes (Fig. 5A) . RT-PCR analysis revealed that the DNA-PKcs mRNA level was very low in monocytes and became up-regulated during their maturation into DCs and macrophages (Fig. 5B shows quantitative PCR and Fig. 5C shows a representative blot), indicating down-regulation of DNA-PKcs on a transcriptional level in monocytes. We also determined the DNAPKcs enzyme activity following treatment with IR and found nearly no detectable basal and induced activity in monocytes, whereas in DCs and macrophages, derived from them, DNAPKcs activity was present and significantly enhanced following radiation (Fig. 5D) . The data support the conclusion that monocytes are defective in NHEJ.
Repair Defect Sensitizes Monocytes to Oxidized Lipoprotein. An important pathophysiological inducer of ROS is oxLDL, which is formed during oxidation of LDL. It is taken up by monocytes, macrophages, and DCs via scavenger receptor/LDL receptor complexes (20) . Following uptake, oxLDL provokes intracellular ROS formation (21) . As shown in Fig. 6A , oxLDL is clearly toxic, which is in contrast to nonoxidized LDL (nLDL), which is not toxic. Importantly, the experiments revealed that monocytes display a significantly higher apoptotic response than DCs and macrophages following oxLDL (Fig. 6A) . This prompted us to measure the DNA damage following oxLDL treatment, and we found that, under the same treatment conditions, monocytes displayed a high level of DNA strand breaks that increased with time of oxLDL exposure, whereas nLDL was ineffective in inducing DNA strand breaks. In contrast to monocytes, oxLDL induced nearly no strand breaks in DCs and macrophages (Fig.  6B) . The data revealed that monocytes are hypersensitive to oxLDL-induced cell death and are, in contrast to DCs and macrophages, not protected against oxLDL-induced DNA breakage. 
Discussion
Here we compared the genotoxic response of human monocytes, DCs and macrophages following ROS exposure. We demonstrate that human monocytes isolated from the blood of healthy volunteers are highly sensitive to oxidative stress, which results from defects in DNA repair. The severe impairment of repair in monocytes is caused by a lack of expression of four proteins, XRCC1, Lig IIIα, PARP-1, and DNA-PKcs, which are key players in the last step of BER (22) and DSB repair via the canonical and backup pathway of NHEJ (18, 23) . XRCC1, Lig IIIα, and PARP-1 are also involved in SSB repair (24) . Therefore, down-regulation of these DNA repair proteins simultaneously affects several DNA repair pathways. All other BER and NHEJ proteins for which we assayed were clearly expressed in monocytes. The expression of MPG, OGG1, APE1, and Pol β explains the finding that monocytes are able to perform the first steps of BER, i.e., base removal, DNA incision, and gap formation. It is reasonable to conclude that the inability of executing the last step in BER leads to an accumulation of SSB, which was observed in our assays. If this faulty BER process occurs in overlapping repair patches, DSBs will be formed (25) which may happen even in nonreplicating cells. This is indeed the case; monocytes exhibited a higher amount of DSBs, as determined by the neutral comet and γH2AX assays, compared with DCs and macrophages following chemical ROS or IR treatment. The additional lack of DNA-PKcs exacerbates the repair defect, strongly reducing the monocyte's ability to repair DSBs formed indirectly, as a consequence of BER, or directly, following IR or high-level ROS exposure. With the down-regulation of these four repair proteins, monocytes seem to follow a strategy of exacerbating the effect of oxidative DNA lesions, which ultimately leads to cell death. It can therefore be considered as a suicide strategy for monocytes following genotoxic stress that can be tolerated by normal, repair-competent cells.
It is anticipated that, in monocytes, nonrepaired DSBs provide a strong signal for the DDR. This was indeed the case. We observed a strong activation of ATM, ATR, Chk1, Chk2, and p53 that triggered the apoptotic pathway involving FasR upregulation and caspase-8, -3, and -7 activation. It is of interest that ATM and ATR became activated even though the cells were not proliferating. This is explained by a large amount of SSBs and DSBs produced by the faulty BER process that obviously activates several DDR pathways, including p53 that triggers the Fas/CD95/Apo-1-controlled cell death mechanism (10). Importantly, although DNA-PKcs is not active in monocytes, H2AX phosphorylation occurred at a high level because of the activation of ATM and ATR.
We should note that monocytes express even a higher level of O 6 -methylguanine-DNA methyltransferase than macrophages and DCs (Fig. S9A) , indicating that only a small but important set of DNA repair genes is silenced in monocytes. As the cells are not proliferating, the differences in killing responses among monocytes, DCs, and macrophages cannot be attributed to replicationmediated conversion of critical DNA adducts into killing lesions. This makes the system different from proliferating myoblasts and nonproliferating myotubes of mice that were shown to differ in the expression of XRCC1 and Lig IIIα (26) . We should also note that monocytes isolated by the method of adherence (27) or by CD14 + magnetic bead separation (Miltenyi) gave essentially the same result in terms of XRCC1 and Lig IIIα expression (Fig. S9 B and  C) , demonstrating that the phenotype is not related to the monocyte isolation procedure. The up-regulation of the repair genes studied here following monocyte maturation is clearly driven by GM-CSF/IL-4, as primary monocytes do not survive long-term cultivation in the absence of cytokines.
It is striking that not only DCs and macrophages, but also PBLCs, CD34 + progenitor cells, B cells, T cells, and regulatory T cells, display XRCC1 and Lig IIIα expression. Therefore, the observed down-regulation of repair proteins seems to be a specific peculiarity of monocytes. XRCC1, PARP-1, and DNA-PKcs regulation appears to occur on a gene level because corresponding transcripts were not (or borderline) detected in monocytes. Lig IIIα transcripts were observed; therefore, it appears that lack of the protein is a secondary effect resulting from the absence of XRCC1, which stabilizes the ligase. Our data further demonstrate that XRCC1, PARP-1, and DNA-PKcs are subject of coregulation by the proinflammatory cytokines GM-CSF and IL-4. Thus, cultivation of monocytes in medium containing either GM-CSF or IL-4, or both of them, provokes prompt up-regulation of these repair proteins, making the cells competent for the repair of ROS-induced DNA damage. Thus, the data at the same time provide strong evidence that DNA repair is subject to regulation by cytokines.
The BER defect in monocytes renders them highly sensitive to oxLDL, which is known to induce intracellular ROS upon uptake (21) and plays a key role in atherosclerosis (28) . It has previously been shown that oxLDL induces a higher apoptotic response in monocytes than macrophages (29) . Here, we extend this finding by demonstrating that monocyte-derived DCs are also protected from oxLDL and that the strong killing response of monocytes following oxLDL treatment is a result of an accumulation of DNA breaks, resulting from a defect in the BER ligation function and DSB rejoining. It is tempting to speculate that the high sensitivity of monocytes to oxLDL may lead to a depletion of monocytes and monocyte-derived cell types in individuals exhibiting a high oxLDL blood level, which might have an impact on the immune response. It is obvious that the study has important implications that could be the subject of future investigations.
The findings raise the question of why monocytes are repairdefective and highly vulnerable to ROS. The simultaneous lack of four key repair proteins in human monocytes is likely not an incidental event. It is reasonable to suppose that it plays a biological role in the homeostatic regulation of the immune response. It is conceivable that overactivation of the immune response after infection or during inflammation is regulated by selective killing of monocytes as a result of a high ROS level in the infected/inflamed area. The selective killing of monocytes by ROS in the inflamed tissue may lead to a reduced maturation of macrophages, the main ROS producer, and DCs that otherwise might overstimulate the immune system by triggering the T-cell response (2) . This mechanism, which is governed by a severe DNA repair defect in monocytes, would create a negative regulatory feedback that prevents excessive ROS production during inflammation. The data bear therapeutic implications: thus, during anti-inflammatory and tumor therapy, selective killing of monocytes may cause a depletion of DCs, and therefore a lack of T-cell activation following treatment of patients with genotoxic anticancer drugs.
Materials and Methods
Materials and Cells. Monocytes were isolated from peripheral blood by Ficoll gradient centrifugation and harvested following 1 h substrate adherence. A part of the population was differentiated into immature DCs and macrophages on Petri dishes in X-VIVO-15 medium (Bio Whittaker) supplemented with 1.5% autologous plasma as described (27) . The final concentrations of human recombinant cytokines were 800 U/mL GM-CSF (Bayer Healthcare) and 50 U/mL IL-4 (Miltenyi Biotec; SI Materials and Methods provides detailed information). BOOH was from Sigma and H 2 O 2 from Roth. Pifithrin-α was obtained from Calbiochem and is a specific inhibitor of p53 (30) . LDL was also purchased from Calbiochem. Before oxidation, LDL was dialyzed overnight against isotonic PBS solution to remove EDTA. LDL oxidation was provoked by 25 μM CuSO 4 at 37°C overnight. For removal of CuSO 4 , untreated and oxidized LDL were dialyzed overnight against PBS solution. The lipid peroxide content of native and oxidized LDL was determined by analyzing thiobarbituric acid-reactive substances (31) .
Apoptosis, Necrosis, Comet, and Repair Assays. Detailed information for apoptosis, necrosis, comet (32) , and repair assays and all other assays such as BER (15) and DNA-PK assay (33), as well as Western blotting, is provided in SI Materials and Methods.
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